The activity of single nucleus accumbens (NAcc) neurons of rats was extracellularly recorded during intravenous cocaine self-administration sessions (0.7 mg/kg per infusion, fixed ratio 1). We reported previously that NAcc neurons showed a change, usually a decrease, in firing rate during the first 1 min after the cocaine-reinforced lever press. This postpress change was followed by a progressive reversal of that change, which began within the first 2 min after the press and was not complete until the last 1 min before the next lever press (termed the change ϩ progressive reversal firing pattern). In the present study we documented a regular pattern of locomotion that occurred in parallel with the change ϩ progressive reversal firing pattern. This observation suggested that discharges time locked to locomotion may determine the change ϩ progressive reversal firing pattern. However, 55% of the neurons failed to show firing time locked to locomotion that could have contributed to the change ϩ progressive reversal firing pattern. Moreover, for all neurons, the change ϩ progressive reversal firing pattern was apparent even if the calculation of firing rate excluded all periods of locomotion. The present data showed that the change ϩ progressive reversal firing pattern is not solely attributable to phasic changes in firing time locked to the execution of locomotion. The change ϩ progressive reversal firing pattern closely mirrors changes in drug level and dopamine overflow observed by previous researchers and may thus be a component of the neurophysiological mechanism by which drug level regulates drug-taking behavior during an ongoing self-administration session.
The activity of single nucleus accumbens (NAcc) neurons of rats was extracellularly recorded during intravenous cocaine self-administration sessions (0.7 mg/kg per infusion, fixed ratio 1). We reported previously that NAcc neurons showed a change, usually a decrease, in firing rate during the first 1 min after the cocaine-reinforced lever press. This postpress change was followed by a progressive reversal of that change, which began within the first 2 min after the press and was not complete until the last 1 min before the next lever press (termed the change ϩ progressive reversal firing pattern). In the present study we documented a regular pattern of locomotion that occurred in parallel with the change ϩ progressive reversal firing pattern. This observation suggested that discharges time locked to locomotion may determine the change ϩ progressive reversal firing pattern. However, 55% of the neurons failed to show firing time locked to locomotion that could have contributed to the change ϩ progressive reversal firing pattern. Moreover, for all neurons, the change ϩ progressive reversal firing pattern was apparent even if the calculation of firing rate excluded all periods of locomotion. The present data showed that the change ϩ progressive reversal firing pattern is not solely attributable to phasic changes in firing time locked to the execution of locomotion. The change ϩ progressive reversal firing pattern closely mirrors changes in drug level and dopamine overflow observed by previous researchers and may thus be a component of the neurophysiological mechanism by which drug level regulates drug-taking behavior during an ongoing self-administration session.
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Lesion and microinjection studies in the rat have shown that neurons of the nucleus accumbens (NAcc) are necessary for cocaine self-administration (Phillips et al., 1983; Z ito et al., 1985; Robledo et al., 1992; McGregor and Roberts, 1993) . Consistent with this observation, single NAcc neurons show phasic changes in firing time locked to intravenous cocaine self-administration (Carelli et al., 1993; C arelli and Deadw yler, 1994, 1996a,b; Chang et al., 1994 Chang et al., , 1996 Chang et al., , 1998 Peoples et al., 1994 Peoples et al., , 1998 Bowman et al., 1996; Uzwiak et al., 1997) . One of the most common changes in firing occurs during the interval that elapses between successive cocaine self-inf usions. Firing rate decreases during the first 1 min after cocaine self-inf usion, relative to the last 1 min before self-inf usion. The postinf usion change in firing is followed by a progressive reversal of that change, which begins within 2 min after the inf usion and is not complete until the last 1 min before the next self-inf usion (termed change ϩ progressive reversal firing pattern) .
We have hypothesized that this NAcc firing pattern contributes to cocaine self-administration. However, casual observation of behavior during the interinf usion interval suggests an alternative interpretation of the firing pattern. During the interinfusion interval, animals engage in a regular pattern of locomotion that parallels the change ϩ progressive reversal firing pattern. Research of other investigators has shown that the NAcc contributes to locomotion (Lorens et al., 1970; Pijnenburg and van Rossum, 1973; Costall and Naylor, 1975; Jackson et al., 1975; Kelly et al., 1975; Kelly and Iversen, 1976; Iversen and Koob, 1977; Watchtel et al., 1979; Makanjuola et al., 1980; Jones et al., 1981; Mogenson and Nielsen, 1984; Evenden and Carli, 1985; Kafetzopoulos, 1986; Delfs et al., 1990; Weissenborn and Winn, 1992; Wu et al., 1993; Maldonado-Irizarry and Kelley, 1995; Brudzynski and Gibson, 1997) . In addition, the tonic firing rate of some NAcc neurons is modulated by locomotion (Peoples and West, 1990; Callaway and Henriksen, 1992; Chang et al., 1994 Chang et al., , 1998 Peoples et al., 1994; Kiyatkin and Rebec, 1996) . These data suggest that the change ϩ progressive reversal firing pattern potentially reflects locomotor-related discharges rather than, or in addition to, selfadministration-related firing.
The extent to which locomotor-related firing may contribute to the change ϩ progressive reversal firing pattern was evaluated in the present study. Extracellular recordings of single NAcc neurons were conducted in rats intravenously self-administering cocaine. The sessions were videotaped to document the behaviors that occur during the interinfusion interval, as well as to analyze the activity of individual neurons with respect to those behaviors. The video and neural analyses were used to test the following predictions. If the "locomotor interpretation" of the change ϩ progressive reversal firing pattern is correct, the time course of the change ϩ progressive reversal firing pattern should be highly correlated with the time course of the changes in locomotion. In addition, neurons that show the change ϩ progressive reversal firing pattern should also show phasic changes in firing time locked to specific locomotion events. Finally, the change ϩ progressive reversal firing pattern should be disrupted by the exclusion of all periods of locomotion from the calculation of firing rates during the minutes before and after cocaine self-infusion.
Parts of this paper have been published previously in abstract form .
MATERIALS AND METHODS
The procedures used for surgery, postoperative maintenance of animals, self-administration, extracellular recording, and histology were described in a previous report . Thus, only a brief description of each is provided here.
Subjects and neuron sample. Subjects of the present study were a subset of animals (8 of 14) included in a previous study . No neurons were included other than those of the previous study. Inclusion of each subject in the present study was dictated by two electrophysiological criteria. First, at least one of the neural recordings made for that subject had to exhibit a minimum interspike interval consistent with the refractory period of a discriminated single neuron. Second, at least one of the recordings that met the first criterion had to show additionally the phasic firing pattern of primary interest, i.e., the change ϩ progressive reversal pattern. One subject had to be excluded because of a damaged videotape that precluded most of the analyses conducted in the present study.
Surger y. L ong-Evans rats (300 -350 gm; Charles River, Wilmington, M A) were anesthetized with sodium pentobarbital. A catheter was implanted in the jugular vein, and an array of 12-16 Teflon-coated stainless steel microwires was implanted in the NAcc (microwire arrays purchased from Dr. David Shapiro).
E xperimental procedures
Cocaine self-administration session. Before the start of each selfadministration session, a nonretractable Plexiglas response lever was mounted on a side wall (henceforth referred to as the lever wall ) of the chamber. Onset of the session was signaled by illumination of a stimulus light above the lever. Each lever press was immediately followed by a 0.2 ml intravenous inf usion of cocaine solution (0.24 mg /0.2 ml inf usion), a 7.5 sec tone that corresponded with the operation of a syringe pump, and a 40 sec time-out during which the stimulus light was turned off and lever presses had no programmed consequence.
V ideo recording. During each recording session, behavior was videotaped using a Sony Super V HS videocassette recorder. Each video frame (30 frames/sec) was sequentially time-stamped by a computer coupled with a video frame counter (Thalner Electronics VC -436). Frames were time stamped according to the same computer clock that time stamped each neural discharge. The camera viewed the animal through one of the Plexiglas chamber walls that was perpendicular to the lever wall. The entire chamber was visible; thus the rat was always visible. As the rat locomoted to the lever and then faced the lever to press it, the right flank of the rat was the typical view of the camera. As the rat locomoted away from the lever to the opposite side of the chamber, the left flank of the rat was in view of the camera. The side view of the rat facilitated detection of both forepaw and hindpaw movements as well as head movements.
Electrophysiolog ical procedures. During each experiment, electrophysiological recording began 1 hr before the start of the self-administration session and continued for 1 hr after the session. Using software and hardware of DataWave Technologies (L ongmont, C O), electrical signals were stored for off-line analysis. Only one recording session per microwire contributed to the final data set. After a population of neural waveforms was isolated by the post hoc discrimination procedures (DataWave Common Processing Module, DataWave Inc.), that population was subjected to an interspike interval analysis to confirm that it corresponded to a discriminated single neuron (Moore et al., 1966; Perkel et al., 1967; Kosobud et al., 1994) . When more than a single population of neural waveforms appeared to have been recorded from a given wire, cross-correlation analysis was used to confirm that the populations corresponded to distinct neurons.
Histolog ical procedures. All wire tips from which neurons were recorded were verified to have been located in the NAcc. Histological procedures have already been discribed . Given the number of neurons that were included in the present analyses, we did not compare the firing patterns of neurons located in different areas of the NAcc.
Analysis of behavior during the interinfusion interval
The video system allowed us to document, off-line, the timing of behaviors completed in any area of the chamber with a temporal resolution of 33 msec. After the recording session, in off-line frame-by-frame analysis, time stamps associated with the onsets or offsets of particular behaviors were read from the video frames displayed on a video monitor. Frames in which the same type of behavioral event occurred were compiled and input as nodes into the computer (Chapin et al., 1980; West et al., 1997) for subsequent histogram analysis of neural firing in relation to specific behaviors. The use of video procedures in conjunction with strict operational definitions of behavior provided a more reliable characterization of the occurrence of specific behaviors than would have been possible using automated procedures. This is because the latter can potentially fail to discriminate between topographically distinct motor behaviors (Kehne et al., 1981; Kelly and Roberts, 1983; O'Dell et al., 1996) . The video analysis of behavior was limited to those lever-press trials included in the analysis of neural firing (see below).
Operational definitions of behavior. Focused stereot ypy was defined as a period in which the rat made repetitive head movements and /or repetitive forepaw movements while maintaining hindpaws stationary. The absence of hindpaw movements was associated with the rat remaining fixed (and behaviorally focused) in one area of the chamber. Locomotion was defined by a sequence of forepaw and hindpaw steps and thus involved traversal of the animal across the floor of the chamber. The presence versus absence of traversal maximally differentiated locomotion events from stereotypy events (i.e., differentiated major large movements from small repetitive movements, which is important for distinguishing between behaviors that are potentially mediated by the NAcc vs the lateral striatum) (see Kelly and Roberts, 1983; Wise and Bozarth, 1987) . Mi xed behavior consisted of some locomotive behavior, involving at least one hindpaw movement that occurred in conjunction with stereotypic head movement directed toward the floor of the chamber.
Onset and offset latencies of particular behaviors. Onset of locomotion equaled the time at which the paw that made the first step was lifted from the floor and offset of locomotion equaled the time at which the paw that made the last step contacted the floor. Nearly all focused stereotypy events were bracketed by either locomotion or mixed behavior. Therefore, the onset time of a stereotypy event was defined with respect to the last step of the locomotion or mixed event that preceded stereotypy. Similarly, the offset time of a stereotypy event was defined with respect to the first step of the locomotion or mixed behavior event that followed the stereotypy event.
Direction of locomotion. Each locomotion event was classified as either (1) toward the lever wall or (2) toward nonlever walls. Locomotion toward the lever wall was defined as forward locomotion that moved the animal in the direction of the lever wall and terminated with at least the head and shoulders of the rat inside the half-portion of the chamber that contained the lever. Forward or side-to-side locomotion that moved the animal from one portion of the lever wall to the other, with at least the head and shoulders of the rat in the quarter portion of the chamber containing the lever, was also classified as locomotion toward the lever wall. The remaining locomotion was defined as locomotion toward nonlever walls.
Analysis of the change ϩ progressive reversal firing pattern
Histograms displaying firing of single neurons. The initial 5-10 irregularly spaced self-inf usions of the loading phase were excluded from analysis. All other reinforced lever presses bracketed by interinf usion intervals of a minimum length (i.e., 1 min less than the modal interinf usion interval) were included in the histogram. Offset of the reinforced lever press (0.1 msec resolution) was the histogram node.
Quantitative and statistical anal ysis of the change ϩ progressive reversal firing pattern. The procedures used to statistically analyze phasic changes in firing rate during the minutes before and after the press were described previously . The procedures used to analyze decreases in firing rate are briefly described below. Comparable procedures were used to analyze increases in firing rate.
Significance was evaluated by using a one-tailed Wilcoxon matched pairs test (␣ ϭ 0.05, unidirectional; Siegel and C astellan, 1988) . To conduct the test, firing rate before and after the reinforced lever press was calculated using a sliding window procedure ; the measure of firing rate, number of discharges, was determined as a f unction of 0.5 min time windows using a step time equal to 0.1 min. For each lever-press trial that was included in a Wilcoxon matched pairs test, the discharges in two time windows, or in two 0.1 min steps, were input as a matched pair into the test.
Postpress change in firing rate. A postpress decrease in firing rate was defined as a significant decrease in firing rate that occurred during the first 2 min after the reinforced lever press, relative to firing during the last 2 min before the reinforced lever press. In analyzing a postpress decrease, the number of discharges in the 0.5 min time window with the minimum discharges after the press was compared with the number of discharges in the 0.5 min window with the maximum discharges before the press. The latency to culmination of the postpress decrease was defined as the 0.1 min step in which firing decreased to its minimum during the 2 min postpress.
Progressive reversal of postpress change. After culmination of the postpress decrease, firing rate began to revert toward prepress rates. The latency to onset of the reversal was defined as the first 0.1 min step in which firing reverted significantly from the culminant (minimum) firing rate of the postpress decrease. The latency to culmination of the reversal was defined as the 0.1 min step with the maximum discharges during the 2 min prepress.
Relationship between the time course of the change ϩ progressive reversal firing pattern and the timing of locomotion
After the lever press, subjects typically locomoted away from the lever wall and then engaged in stereotypy. After some time elapsed the animal reinitiated locomotion. The length of time that elapsed before locomotion was reinitiated appeared to vary positively with the duration of the progressive reversal phase of the change ϩ progressive reversal firing pattern. To test this possibility, a Pearson product-moment correlation was calculated between this latency to reinitiate locomotion and the duration of the progressive reversal. The reinitiation of locomotion was defined as the first postinf usion locomotion event that met the following two criteria: (1) occurred after the 40 sec time-out period, and (2) did not consist of the initial locomotion away from the response lever after the cocaine-reinforced lever press. This definition was based on the following. Preliminary characterization of locomotion patterns indicated that locomotion typically decreased to minimum within the first 40 sec and /or after the initial locomotion away from the lever wall after self-inf usion. L ocomotion subsequently increased in frequency. The latency from the lever press to this increase in locomotion was the dependent variable of interest.
Duration of the postpress change and the progressive reversal. The change ϩ progressive reversal firing pattern was divided into three phases: the postpress change, the reversal, and the postreversal period. The first two phases were defined above. The third, the postreversal period, was the number of minutes that elapsed between culmination of the reversal and the time of the next self-inf usion. The combined duration of these three phases equaled the duration of the interinf usion interval. The duration of the postpress change equaled the onset latency for the reversal (defined above). The duration of the reversal was defined as: [interinf usion interval Ϫ (duration of postpress change ϩ duration of postreversal period)]. Pearson product-moment correlations (␣ ϭ 0.05) were calculated between the various phases of the firing pattern and the duration of the interinf usion interval.
Does NAcc firing concomitant with locomotion engender the change ϩ progressive reversal firing pattern? Do neurons show a phasic change in firing rate time lock ed to locomotion?
Histograms were constructed to display firing rate time locked to locomotion events that were preceded by focused stereotypy events. Each of the locomotion events used as a node to construct these histograms (1) was preceded by a focused stereotypy event, and (2) did not occur within Ϯ10 sec of the reinforced lever press. The histogram node equaled the onset of locomotion. The average duration of focused stereotypy ranged from 2.3 to 11.6 sec. The average duration of locomotion ranged from 0.8 to 2.2 sec. Given the above criteria, the onset of locomotion necessarily corresponded to the end of the immediately preceding stereotypy event.
A change in firing rate to the right of the histogram node, relative to the left, was indicative of a phasic change in firing associated with the transition from stereotypy to locomotion. Using the Wilcoxon matched pairs test, firing rate during the first 0.5 sec of locomotion was compared with firing rate during a 0.5 sec period of focused stereotypy (i.e., Ϫ1.0 to Ϫ0.5 sec before the onset of the locomotion) (␣ ϭ 0.05, unidirectional; Siegel and C astellan, 1988) . Histograms were constructed to display firing during the following: (1) locomotion toward the lever wall, (2) locomotion toward nonlever walls, and (3) locomotion toward all walls.
Directionally opposed locomotion events that contributed to the histograms were temporally matched with respect to cocaine self-inf usion. Differences in the phasic firing apparent in histograms of firing time locked to locomotion toward the lever wall versus locomotion toward nonlever walls could therefore not be attributed to differences in drug level. There were no EMG recordings. However, given that the locomotion events were comparably defined except for direction, differences in these histograms were also unlikely to reflect any movement parameter other than direction.
Effect on the progressive reversal firing pattern of e xcluding all periods of locomotion f rom the calculation of firing rate. Histograms that display firing during the minutes before and after the press were reconstructed using only periods in which the animal was engaged in focused stereotypy. The following procedures were used to construct the histograms. Each stereotypy event was subdivided into 1 sec subunits. The last 1 sec subunit of stereotypy was discarded. For each lever-press trial, the 1.0 sec subunits were grouped according to time before and after the press in bins of 0.5 min. The discharges that occurred during the 1.0 sec subunits were summed within each 0.5 min bin for a given lever-press trial. Discharges per 0.5 min bin were then summed across all lever-press trials and plotted as a f unction of time before and after the press. Note that before summation of discharges across lever-press trials, the 0.5 min bins were equated for total number of 1.0 sec subunits. This was accomplished by first determining the minimum number of subunits within any of the 0.5 min bins and then reducing the number of subunits in all other 0.5 min bins to equal that minimum. The deletions were distributed equally across trials and across portions of the 0.5 min bin. Thus comparison of firing rate during different 0.5 min bins before and after the press was not confounded by different sample sizes. This analysis is comparable to behavioral clamping techniques (c.f., Rank et al., 1983) used to discriminate between firing patterns that reflect a primary drug effect and firing patterns that instead reflect feedback from drug-induced behaviors (e.g., West et al., 1992 West et al., , 1997 Haracz et al., 1993; Peoples et al., 1994) .
RESULTS

Neuron sample
Recordings of 18 neurons in eight animals met all the criteria for inclusion in the present study. One subject contributed four neurons. Each of the remaining seven subjects contributed between one and three neurons. The recordings of the 18 change ϩ progressive reversal neurons were made during nine recording sessions using 17 microwires. Nine of the neurons were located in the core; the remaining neurons were in the shell and shell-core border areas. Each neuron exhibited a stable waveform throughout the recording session and exhibited a minimum interspike interval of 3-5 msec (Fig. 1) . For 15 of the 18 neurons, the change ϩ progressive reversal pattern consisted of a decrease in firing after the press followed by a progressive increase (abbreviated as decrease ϩ progressive increase) (Fig. 2, neuron B) . For the remaining neurons, it consisted of an increase in firing after the press followed by a progressive decrease (abbreviated as increase ϩ progressive decrease) (Fig. 2, neuron F ) . Ten additional neurons, which were not considered further in the present analyses, exhibited either a phasic change in firing during the minutes before and after the press that was other than the change ϩ progressive reversal firing pattern (5 of 10) or failed to show any phasic change in firing during the minutes before and after the press (i.e., were nonresponsive).
The qualitative and quantitative characteristics of the change ϩ progressive reversal firing patterns of the neurons in the present study were comparable to those of the larger group of neurons from which the present subset was drawn . They were also comparable to those of a larger and separate sample of NAcc neurons (see Peoples et al., 1998) . Animals' self-administration behavior was consistent with that typically observed in limited-access (fixed ratio 1) cocaine selfadministration studies. The present neural and behavioral data are thus likely to be representative.
Self-administration behavior
Animals had various amounts of self-administration experience (i.e., 2-6 weeks) and thus exhibited, to varying degrees, regular rates of self-inf usion. The rates of inf usion maintained a calculated drug level within correspondingly stable limits, assuming constant pharmacokinetics (Fig. 3) .
Behavior during the interinfusion interval Locomotion
Behavior consistent with the definition of locomotion accounted for a relatively low percentage of behavior exhibited during the interinf usion interval. Nevertheless, there were regular changes over the course of the interinf usion interval in the percent time that animals spent in locomotion as opposed to other behaviors. Within the first 1-1.5 min after the press, time spent in locomotion decreased to minimum (eight of eight animals) (Figs. 4, 5) , which was typically (five of eight animals) maintained for several minutes and consisted of the complete absence of locomotion. Thereafter, animals reinitiated locomotion (average latency, 4.5 Ϯ 0.5 min after the press). Percent time spent in locomotion progressively increased as the interval elapsed such that locomotion was at maximum during the Ϯ0.5 min of the lever press. The patterns of locomotion toward the lever and nonwall walls were comparable (Fig. 6) .
Mi xed behavior
Most of the behavior that did not meet the strict definition of either stereotypy or locomotion consisted of mixed behavior. Changes in mixed behavior that occurred over the course of the interinfusion interval were comparable to the changes in locomotion (Fig. 5) . The patterns of both locomotion and mixed behavior, which included locomotion, were similar in form to the change ϩ progressive reversal firing pattern.
Stereotypy
Stereotypy was the predominant behavior during the interinfusion interval. Total percent time spent in stereotypy was Ͼ70% for each animal. Time spent in stereotypy showed a regular pattern during the interinfusion interval that was opposite the pattern of locomotion (Figs. 4, 5) .
Relationship between the time course of the change ؉ progressive reversal firing pattern and the time course of locomotion Firing rates of NAcc neurons and percent time spent in locomotion: Latency to minimum and maximum during the interinfusion interval
For the progressive reversal neurons that showed a postpress decrease in firing, the minimum firing rate (i.e., culminant of the postpress change) occurred, on average, 0.85 Ϯ 0.12 min after the press. The maximum firing rate (i.e., culminant of the progressive reversal) occurred, on average, 0.43 Ϯ 0.16 min before the press. These latencies to minimum and maximum firing rate corresponded to the times at which minimum and maximum locomotion occurred during the interinfusion interval. Neurons that showed a postpress increase in firing showed culminant latencies (i.e., latencies to maximum firing rate after the press and mini- Each histogram displays the firing pattern of one neuron during the minutes before and after the press. The ordinate of each histogram displays average firing rate (i.e., average hertz calculated as a function of 0.1 min bins); Time 0 on the abscissa represents the occurrence of the reinforced lever press. Minutes before and after the press are shown to the lef t and right of time 0, respectively. Above each histogram is a raster display that shows firing of the neuron on a trial-by-trial basis. Lever-press trials are shown chronologically from the bottom row to the top row. The figure shows examples of both types of change ϩ progressive reversal firing patterns. A decrease ϩ progressive increase pattern is shown at the top; an increase ϩ progressive decrease pattern is shown at the bottom. mum firing rate before the press) that were comparably synchronized to locomotion.
T ime course of the progressive reversal and reinitiation of locomotion during the interinfusion interval
Average latency to onset of the progressive reversal equaled 1.4 Ϯ 0.2 min after the press. The latency to reinitiate locomotion averaged 4.5 min after the press. Thus, the progressive reversal was typically under way for several minutes before animals reinitiated locomotion. Despite the lag time between the onset of the progressive reversal and the onset of locomotion, both firing rate (of most neurons) and locomotion showed a progressive increase during the minutes before the press. Moreover, the duration of the progressive reversal was significantly positively correlated with both the latency to reinitiate locomotion toward the lever wall and the latency to reinitiate locomotion toward nonlever walls (Fig. 7) . These correlations showed that the longer the period over which firing rate progressively reversed, perhaps recovered, from the postpress change in firing, the longer the animal waited after the preceding inf usion to reinitiate locomotion.
Did NAcc firing concomitant with locomotion engender the change ؉ progressive reversal firing pattern? Phasic changes in firing rate time locked to locomotion
A total of 10 (55%) of the 18 neurons showed a significant phasic change in firing rate time locked to locomotion. These 10 neurons were distributed among the two types of change ϩ progressive reversal neurons as follows. Of the 15 decrease ϩ progressive increase neurons, 7 showed a significant increase in firing rate time locked to locomotion relative to stereotypy (Fig. 8, neuron D) . The increase in firing time locked to locomotion was consistent with the change in firing that would have been expected if firing associated with locomotion contributed to the change ϩ progressive reversal firing pattern. The remaining 8 of the 15 decrease ϩ progressive reversal neurons showed no change in firing time locked to locomotion. Of the three increase ϩ progressive decrease neurons, one showed a small but significant decrease in firing rate time locked to locomotion compared with stereotypy (Fig. 8, neuron E) . For that neuron, the phasic change in firing time locked to locomotion was consistent with that which could have potentially contributed to the change ϩ progressive reversal firing pattern. The remaining two increase ϩ progressive decrease neurons showed a significant increase in firing time locked to locomotion (Fig. 9, neuron F ) . The increase in firing time locked to locomotion exhibited by those neurons would have been expected to actually oppose the change ϩ progressive reversal firing pattern. Taken together, these data showed that phasic changes in firing time locked to locomotion were unlikely to have engendered the change ϩ progressive reversal firing pattern of 55% of the 18 neurons (i.e., 8 ⁄15 decrease ϩ progressive reversal neurons and 2 ⁄3 increase ϩ progressive reversal neurons). The same data left open the possibility that firing time locked to locomotion determined the change ϩ progressive reversal firing pattern for the remaining 45% of the neurons (i.e., 7 ⁄15 decrease ϩ progressive reversal neurons and 1 ⁄3 increase ϩ progressive reversal neurons). Each of the two rows shows the self-administration behavior of a single animal during a single self-administration session. For each behavioral display, the following is shown. The abscissa shows time (minutes) during the selfadministration phase of the recording session; Time 0 corresponds to time of the first lever press. The pattern of reinforced lever presses is shown at the top. Each tick represents the occurrence of one cocaine reinforced lever press. Underneath the display of lever presses is a graph of the normalized calculated drug level present at the time of the self-inf usion behavior (i.e., before the onset of the inf usion) (c.f., . Calculated drug levels were normalized within each session relative to the maximum calculated drug level attained in the session. Although the calculated drug level (data not shown) may have differed from the actual drug level by some constant amount, the relative stability of the calculated drug level across the self-administration session demonstrates the degree to which the rate of self-inf usion was likely to have maintained body levels of drug within stable limits (c.f., Yokel and Pickens, 1974) . The patterns of behavior shown are representative of the range of regularity in selfadministration behavior exhibited by subjects in the present study. 
Phasic changes in firing time locked to locomotion tended to be specific for locomotion of a given direction
Further analysis of the 10 neurons that fired phasically during locomotion showed that for 9 (90%) of them firing was not uniform among all locomotion events. Rather, the firing tended to vary depending on the direction of locomotion. For six neurons this "directional specificity" consisted of either (1) a change in firing time locked to locomotion toward the lever wall that was opposite in sign to the change in firing time locked to locomotion toward nonlever walls, or (2) a change in firing that occurred during locomotion of one direction, with no change in firing occurring during the locomotion of the other direction (Fig. 9 , neurons K, F ). For three neurons, the directional specificity was quantitative rather than qualitative. Specifically, firing rate was elevated during all locomotion; however, the increase in firing was more robust and tightly time locked to locomotion toward the lever wall than to locomotion toward nonlever walls. The directional specificity of firing during locomotion indicated that even if firing time locked to locomotion contributed to the change ϩ progressive reversal firing pattern of some neurons, the contribution was unlikely to have reflected an influence of general locomotor processing. . Average percent time spent in locomotion toward the lever and nonlever walls. Each of the two columns displays the percent of total time that an individual animal spent engaged in either locomotion toward the lever wall (top row) or locomotion toward nonlever walls (bottom row). The two animals represented in this figure are the same animals represented in Figure 4 . Figure 7 . Duration of the progressive reversal phase of the change ϩ progressive reversal firing pattern was correlated with the latency to reinitiate locomotion. Each of the four scatter plots corresponds to one Pearson product-moment correlation analysis. Each point in a scatter plot represents a single neuron. Points that correspond to the same subject are indicated by a unique geometric shape (total of 8 shapes). The ordinates display the duration (minutes) of either the progressive reversal (top row) or the postpress change (bottom row). The abscissas in all scatter plots show the modal postpress time (i.e., minutes after the press) at which locomotion was reinitiated during the interinf usion interval. Correlations were calculated separately for locomotion toward the lever wall (left scatter plot) and locomotion toward nonlever walls (right scatter plot). The Pearson product-moment correlations are shown in the top left corners of the scatter plots. The latency to reinitiate locomotion was significantly correlated with the duration of the progressive reversal regardless of locomotion direction ( p Ͻ 0.5). Correlations with the duration of the postpress change were not significant ( p Ͼ 0.5).
Effect of e xcluding all periods of locomotion from the calculation of firing rate
For all 18 neurons, the progressive reversal firing pattern persisted when firing rates were calculated using only periods of focused stereotypy. This finding is demonstrated for four individual neurons in Figure 10 (see group mean histograms in Fig. 11) . Each of the four neurons showed a phasic change in firing time locked to locomotion that was of a sign consistent with that which would have been expected if locomotor firing determined the change ϩ progressive reversal firing pattern (e.g., Figs. 8, 10,  neuron D) . The results of this analysis did not completely exclude the possibility of a minor contribution of firing time locked to locomotion to the absolute firing rate of some neurons (Fig. 10,  neuron D) . However, it demonstrated that for all neurons in the present study, the change ϩ progressive reversal firing pattern could not have been determined solely by the differential occurrence of locomotion during the interinf usion interval.
DISCUSSION
Relationship between firing of NAcc neurons and the occurrence of locomotion
A number of previous studies showed that NAcc neurons exhibit changes in overall firing rate during periods of locomotion (Peoples and West, 1990; Peoples et al., 1994; Callaway and Henriksen, 1992; Chang et al., 1994; Kiyatkin and Rebec, 1996) . The present study extended these previous electrophysiological observations and showed that a substantial number of NAcc neurons exhibit a phasic change in firing time locked to locomotion. Moreover, the present data suggest that phasic firing tends to be specific for locomotion that is of a particular direction. The directional specificity indicates that locomotion and NAcc firing are not related in a one-to-one manner as if NAcc discharges cause the efferent signals mediating the execution of locomotor movements or process somatosensory feedback associated with its execution. These new data regarding phasic firing time locked to locomotion are consistent with the findings of numerous studies that have led researchers to propose that the NAcc does not directly mediate the execution of movements. Instead, the NAcc may have a motivational function that facilitates certain types of approach behaviors (Iversen and Koob, 1977; Mogenson et al., 1980; Robbins and Everitt, 1982; Kelley and Stinus, 1985; Fibiger and Phillips, 1986; Wise and Bozarth, 1987; Everitt et al., 1989; Mogenson and Yim, 1991; Phillips et al., 1991; Apicella et al., 1992; Blackburn et al., 1992; DiChiara et al., 1992; Salamone, 1992; Robinson and Berridge, 1993; Floresco et al., 1997) .
Discharges time locked to locomotion: contribution to NAcc firing patterns that occur in relation to cocaine self-administration Present findings
In the present study, during the minutes before and after selfinfusion, animals engaged in a predictable pattern of behavior in which stereotypy predominated and locomotion increased over the course of the interinfusion interval. These present data corroborated and quantified previous qualitative observations regarding the behavior of animals during cocaine selfadministration sessions (e.g., Pickens et al., 1978; Peoples and West, 1990; Woolverton and Johnson, 1992; Carelli et al., 1993; Chang et al., 1994) . In the present study the pattern of locomotion was comparable in form to the change ϩ progressive reversal firing pattern. These data suggested that the change ϩ progressive reversal firing pattern might have been determined by firing time locked to locomotion. Further analysis showed that this was not so. First, the onset of the progressive increase in locomotion after the press lagged behind the onset of the progressive increase in firing. Second, Ͼ50% of the neurons failed to show firing time locked to locomotion that could have potentially contributed to the progressive reversal pattern. Third, for all neurons, the change ϩ progressive reversal firing pattern persisted when firing rates were calculated using only periods of stereotypy and thus when all locomotor firing was factored out. Given that the firing pattern persisted with both amount and type of behavior held constant across all time points (0.5 min resolution), this latter finding also largely ruled out the possibility that the change ϩ progressive reversal firing pattern was determined by firing during any other specific behavior.
Previous findings
In addition to exhibiting changes in firing during the minutes before and after the press, such as the change ϩ progressive Time 0 represents the onset of locomotion. Seconds before and after the onset of locomotion are shown to the lef t and right of time 0, respectively. Firing during locomotion is thus shown on the right, and firing during focused stereotypy is shown on the lef t. At the top of the histogram is a raster display that shows firing on a trial-by-trial basis. The horizontal bar above the raster indicates the average duration of the locomotion events used to construct the histograms (exceeded 1.0 sec). The average duration of the focused stereotypy events that preceded the locomotion events exceeded the time base of the histograms. Letters at the top lef t correspond to identifying labels in other figures representing the same neurons. Figure 10 . The change ϩ progressive reversal firing pattern persisted when all locomotion was excluded from calculations of firing rate. Each histogram shows the phasic change in firing time lock ed to the cocaine reinforced lever press. Data are shown for four neurons. Each column corresponds to a single neuron. The top row displays histograms constructed by calculating firing rate during all behaviors (i.e., shows the normal change ϩ progressive reversal firing pattern). The bottom row shows histograms constructed by calculating firing rate during periods of only focused stereotypy. For each histogram the abscissa displays minutes before and after the press (Time 0 represents occurrence of the lever press.) The ordinate shows average firing rate (hertz). Figure 9 . Phasic changes in firing rate time locked to locomotion were directionally specific for most neurons. Each histogram shows firing time locked to the onset of locomotion. Data are shown for two neurons, one decrease ϩ progressive reversal neuron (lef t column) and one increase ϩ progressive reversal neuron (right column). The neuron represented in the lef t column showed a change in firing time locked to locomotion that was specific for locomotion toward the nonlever walls. The neuron shown in the right column exhibited a change in firing time locked to locomotion that was specific for locomotion toward the lever wall. For each neuron, firing is shown during all locomotion (top row), locomotion toward the lever wall (middle row), and locomotion toward nonlever walls (bottom row).
The horizontal bar at the top of each column indicates the average duration of the locomotion events (i.e., all locomotion toward lever and nonlever walls combined) used to construct the histograms. The average duration of the focused stereotypy events that preceded the locomotion events exceeded the time base of the histograms.
reversal firing pattern , NAcc neurons show phasic changes in firing during the seconds before and after the press (Chang et al., 1990 (Chang et al., , 1994 (Chang et al., , 1996 (Chang et al., , 1998 C arelli et al., 1993; Deadw yler, 1994, 1996a,b; Uzwiak et al., 1997) . Neurons additionally exhibit changes in firing during the entire self-administration session relative to presession nondrug baseline recording periods (referred to as tonic changes in firing) (Peoples and West, 1990; Peoples et al., 1994 Peoples et al., , 1998 West et al., 1992; Chang et al., 1998 ; for a related finding see C arelli and Deadw yler, 1994 Deadw yler, , 1996a . Like the change ϩ progressive reversal firing pattern, the phasic changes in firing during the seconds before and after the press, as well as the tonic changes in firing, are associated with regular patterns of locomotion and thus potentially reflect discharges time locked to locomotion. However, on close examination, Chang et al. (1994) found that the phasic changes in firing during the seconds before and after the press are not completely synchronized with, and thus not entirely attributable to, the pattern of locomotion. Moreover, preliminary analysis of the tonic changes in firing showed that the differences in overall firing rate between the nondrug and self-administration period are not likely to be attributable solely to the differences in locomotion between those two conditions (Peoples and West, 1990; Peoples et al., 1994; West et al., 1992) . In total, evidence that is currently available indicates that the changes in firing exhibited by NAcc neurons in temporal relation to cocaine self-administration are not determined solely by phasic changes in firing time locked to locomotion. Current data do not, however, show that firing during (certain) locomotion and firing time locked to self-administration are completely unrelated (see below).
Firing time locked to locomotion and firing time locked to self-infusion may be temporally dissociable but nevertheless functionally related
The present study showed that there are individual NAcc neurons that show both phasic firing time locked to self-administration and phasic firing time locked to locomotion of a specific direction. It is possible that the phasic firing patterns are functionally distinct. However, it is also possible that the firing patterns are functionally related. Specifically, both may facilitate movements regardless of form-whether it be walking, running, rearing, or lever pressing-as long as the movements are consistent with the same motivational end point. For example, the firing may facilitate any movement associated with approach toward a cocainerelated stimulus. Although speculative, this interpretation is consistent with the Hebbian concept of motor equivalence (Hebb, 1949) . Moreover, it is consistent with many previous findings regarding the influence of the NAcc on behavior (see citations in first section of Discussion). Wise and Bozarth (1987) proposed that the psychomotoric locomotor-activating effects and reinforcing effects of drugs of abuse may be homologous and, moreover, may be commonly mediated, at least in part, by the NAcc. Other researchers have made similar proposals (e.g., Pulvirenti et al., 1991) . The data supportive of this hypothesis are mixed (Wise and Bozarth, 1987; Burns et al., 1993; Robledo et al., 1993; Wise and Munn, 1993; Whitelaw et al., 1996; Gong et al., 1997) . However, the finding of the present study that individual neurons show both phasic firing time locked to locomotion and phasic firing time locked to selfadministration is consistent with the psychomotor stimulant theory. In fact, the neurons that exhibit both types of firing are neurons that could theoretically underlie such a common contribution of the NAcc to locomotor activating and reinforcing effects of drugs of abuse.
Psychomotor stimulant theory
Possible contributions of the change ؉ progressive reversal neurons to cocaine self-administration
Phasic changes in firing time locked to cocaine self-infusion potentially contribute to drug-taking behavior. However, phasic firing in and of itself does not provide definitive evidence of a functional relationship between the activity of a recorded neuron and self-administration behavior. Numerous pharmacological, behavioral, and stimulus events are highly synchronized during the self-administration session. Careful step-by-step experimental discrimination of the potential contribution of these variables to the firing patterns is necessary to identify firing patterns that may contribute specifically to cocaine self-administration. The present study showed that the change ϩ progressive reversal firing pattern is not attributable solely to phasic changes in firing time locked to locomotion (or to any other specific behavior) that occurs in parallel with the firing pattern. This finding eliminated one of the simplest alternative interpretations of the change ϩ progressive reversal firing pattern and thereby added credence to the hypothesis that the firing pattern may be specifically related to drug self-administration.
The change ϩ progressive reversal firing pattern is correlated with the timing of cocaine self-infusion Figure 11. The change ϩ progressive reversal firing pattern persisted when all locomotion was excluded from calculations of firing rate. Each histogram shows phasic firing time lock ed to the cocaine-reinforced lever press. Histograms shown in the lef t column correspond to all decrease ϩ progressive reversal neurons combined (n ϭ 15); Histograms in the right column correspond to all increase ϩ progressive reversal neurons (n ϭ 3). For each column, the top histogram displays firing during all behaviors, and the bottom histogram displays firing of the same neurons exclusively during stereotypy. Each histogram displays average normalized firing rate during the minutes before and after the press (ordinate). Firing rates within the histogram of each neuron were normalized by dividing hertz in each 0.5 min bin by the hertz in the 0.5 min bin showing the maximum firing rate in that histogram.
and closely mirrors the changes in cocaine and dopamine that occur over the course of the interinf usion interval (e.g., Pettit and Justice, 1989; Wise et al., 1995) . The latter are believed to regulate cocaine self-administration behavior during the selfadministration session. It is thus possible that the change ϩ progressive reversal firing pattern is determined in large part by the oscillations in cocaine and dopamine and that the firing pattern in turn contributes to the transduction mechanisms by which mesoaccumbens drug and dopamine levels regulate drug taking. We have hypothesized that the rise and fall of drug level in the NAcc that occurs as a f unction of drug absorption and metabolism after each successive cocaine self-inf usion lead to concomitant changes in accumbal throughput of afferent signals, perhaps including those that typically influence instrumental behavior. These changes in throughput may contribute to the bias of the animal to engage in drug-taking behavior as opposed to other behaviors over the course of the interinf usion interval (c.f., Peoples and Peoples et al., 1998) .
